We have previously described cloned populations of mouse leukocytes specialized to perform different immunologic activities (1) (2) (3) (4) (5) (6) (7) (8) (9) . According to their function and surface glycoprotein expression, individual clones represent antigen-specific suppressor T cells (2, 3) inducer T cells (4, 5) , or mast cells (5, 6) . Another clone (7-9) mediates natural killer (NK) x cell activity and antibody-dependent cell-mediated cytotoxicity (ADCC) and also expresses plasma membrane receptors (Fc,R) that bind IgE with high affinity. These clones are phenotypically stable and can be expanded to >10 s cells in vitro. In addition to facilitating studies of leukocyte function, these cloned lines constitute a unique resource for examining the morphology and biochemistry of leukocyte subsets.
In this report, we define a constellation of ultrastructural, cytochemical, and biochemical features expressed by both a cloned line with NK activity (CI.Ly-I-2-NK-I+/11) and cloned suppressor T cells (C1.Ly-2+3+/4), notably osmiophilic, chondroitin sulfate-rich cytoplasmic granules similar to those of mouse basophils (8, 10, 11) . Cloned inducer T cells (CI.Ly-I+2-/9) lack cytoplasmic granules and also differ from the other clones in ability to take up serotonin and in ultrastructural localization of nonspecific esterase activity. We suggest that the features defined here, when considered together with patterns of surface glycoprotein expression and immunologic activity, may help elucidate questions of leukocyte ontogeny and function.
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Materials and Methods

Cells
Mouse BONE MARROW CREES. Adult (12) (13) (14) (15) (16) wk) C57BL/6 mice were killed by cervical dislocation, and hematopoietic bone marrow was flushed from the femurs with phosphatebuffered saline containing bovine serum albumin (0.1 mg/ml). Nucleated marrow cells were fixed for electron microscopy immediately (see below) or after overnight culture in medium supplemented with supernatants of concanavalin A (Con A)-stimulated splenocytes (10) .
CLONED CELLS. The glycoprotein phenotype, Fc~R expression, and function of cloned mouse cells with NK activity (7-9), cloned Ly-1-2+3 + suppressor T cells (2, 3) , cloned Ly-1+2 . inducer T cells (4), and cloned mast cells (5, 6) have been described in detail and are summarized in Table I .
For the experiments reported here, C1.Ly-I-2-NK-I+/11, CI.Ly-2+3+/4, and C1.Ly-I+2 /9 were maintained at 37°C in a humidified atmosphere of 5% CO2-95% air in modified Dulbecco's modified Eagle's medium with 10% heat-inactivated fetal calf serum, 5 X 10 .5 M 2-mercaptoethanol, and 2 mM glutamine (DME-FCS) supplemented with 20% (vol/vol) DME-FCS conditioned by Con A-activated BALB/c spleen cells (Con A-CM).
Transmission Electron Microscopy (TEM), Autoradiography, and Cytochemistry. The fixation and processing of cells for TEM has been described in detail (12, 13) . Briefly, cells were fixed for 1 h at room temperature in a sevenfold volume excess of 1% paraformaldehyde, 1.25% glutaral- II Refs. 5, 6, 8. dehyde, 0.025% CaCI2 in 0.1 M sodium cacodylate buffer, pH 7.4, and were centrifuged through soft 2% Difco agar (Difco Laboratories, Detroit, MI) in a microfuge. Agar-embedded pellets were postfixed for 2 h in 2% collidine-buffered osmium tetroxide at 20°C, dehydrated in a graded series of alcohols, and embedded in a propylene oxide-Epon sequence. Some specimens were stained en bloc with uranyl acetate before dehydration (OCUB technique). For demonstration of glycogen, other samples were postfixed for 2 h in 2% aqueous osmium tetroxide and 1.5% potassium ferrocyanide in 0.1 M sodium phosphate buffer, pH 6.0 (OPF technique), before dehydration and embedding as described above.
For autoradiography,~SSO4-1abeled cells (see below) were fixed and processed by the OPF technique as above. Thin Epon sections were cut with an LKB 5 ultratome (LKB Instruments, Inc., Rockville, MD), placed on copper grids, covered with Ilford L-4 emulsion (Polysciences, Inc., Warrington, PA), exposed for up to 4 mo under desiccated conditions at 4°C, developed with Microdol X (Eastman Kodak Co., Rochester, NY), and stained lightly with lead citrate. Sections were examined in a Philips 400 electron microscope (Philips Electronic Instruments, Inc., Mahwah, N J).
Cells fixed for 1 h were examined for peroxidase activity as previously described (13) . For demonstration of alpha naphthyl acetate esterase (ANAE) activity, cells were fixed for 15 min, then processed as previously described (14, 15) .
Labeling of Cells with a5S04. Cloned cells (5 × 106) were labeled overnight (12-18 h) with 1 mCi sodium [35S]sulfate (NEX-041; New England Nuclear, Boston, MA) at 37°C in 5 ml Con A-CM prepared with DME lacking unlabeled SO4. After labeling, cells were washed three times in DME, an aliquot was taken for TEM autoradiographs, and the remainder was stored at -70°C for biochemical analysis.
Glycosaminoglycans are long-chain polysaccharides consisting of repeating disaceharide units. In mast cell granules, glycosaminoglycans are linked to a protein core (16, 17) to form proteoglycans. The asS-labeled glycosaminoglycans of cloned cells were characterized by DEAE chromatography and sequential hydrolysis with highly purified mueopolysaccharidases of established substrate specificities. Thawed aliquots of frozen 35S-labeled cells were heated in boiling water for 5 min to inactivate endogenous degradative enzymes (18) , and then exhaustively digested with pronase P, which solubilized >90% of incorporated [35S]sulfate. Glycosaminoglycans were chromatographed on DEAE-Sephadex A-25 (0.8-× 6.9-cm column) previously equilibrated with 0.15 M NaCI, 0.01 M Tris, pH 7.5. Fractions were eluted in 0.5-ml volumes with a two-stage linear gradient of NaC1 (0.I5-2.0 M to 2.0-4.0 M) (I9). Glycosaminoglycans were then incubated with specific mucopolysaccharidases and the products were chromatographed on Sephadex G-25 (0.6-× 24.5-cm column) equilibrated with 0.15 M NaCI, 0.01 M Tris, pH 7.5. The flow rate was 8 ml/h and the fraction volume was 0.3 ml.
Chondroitin AC and ABC lyases (Miles Laboratories, Inc., Elkhart, IN) (20) and heparinase purified from Flavobacterium (21) were used according to published methods (20, 21) . National
Institutes of Health glycosaminoglycan reference standards were generously provided by J. A. Cifonelli, University of Chicago, Chicago, IL. Nonlabeled glycosaminoglycans and degradation products were detected spectrophotometrically by the carbazole method of Bitter and Muir (22) with glucuronolactone as the standard.
Uptake of[aH]5-hydroxytryptamine.
We determined whether cloned cells could concentrate 5hydroxytryptamine from the external medium by using a modification of the method of Mazingue et al. (23) . Cells were removed from Con A-CM by centrifugation, washed once in Hanks' minimal essential medium supplemented with piperazine-N-N'-bis(2-ethane sulfonic acid) buffer (470 mg/liter) and 10% fetal calf serum (HMEM-FCS), and then resuspended in HMEM-FCS. Cells (generally 1-2 X 105 in 200 ~tl) were prewarmed to 37°C and added to 1.5ml polypropylene tubes containing 2 ~Ci of [3H]5-hydroxytryptamine-[1,23H-(N)] binoxalate (5 Ci/mmol; New England Nuclear) (5HT) in 50 ~1 HMEM-FCS at 37°C. Incubation was carried out at 37°C. To determine nonspecific uptake of 5HT, aliquots of cells and [3H]5HT were incubated in HMEM-FCS at 4°C. After 1 h at 37 or 4°C, the cells were washed three times at 4°C with 1 ml HMEM-FCS, the pellets were resuspended in Aquasol (New England Nuclear), and cell-associated 3H disintegrations per minute (dpm) were measured in a liquid scintillation counter. Specific uptake of [3H]5HT was calculated according to the formula: specific uptake dpm = dpm at 37°C --dpm at 4°C.
R e s u l t s
Ultrastructure and Cytochemistry. C I . L y -I -2 -N K -I + / 1 1 was 1 of 10 clones with N K function, all of which contained prominent cytoplasmic granules by light microscopy. CI.Ly-2+3+/4 was one of two cloned cytotoxic suppressor T lymphocytes that contained cytoplasmic granules. As previously reported (8) , the morphology of CI.Ly-1 -2 -N K -I + / I 1 cells ( Fig. 1 ) was similar to that of basophilic myelocytes. The cells h a d an a b u n d a n t cytoplasm and an eccentrically located, round, reniform, or bilobed nucleus with a prominent nucleolus. T h e chromatin was dispersed, with occasional aggregates beneath the nuclear membrane. The cell surface displayed irregular, broad, pointed, or blunt processes. The most striking ultrastructural feature was numerous, large electron-dense cytoplasmic granules. The cytoplasm also contained abundant, rough endoplasmic reticulum, often with dilated cisternae (Fig. 2 ). Routine processing for TEM ( Fig. 2 A) rendered the cytoplasmic granule matrix uniformly electron dense. Processing by the OPF technique revealed abundant cytoplasmic deposits of particulate glycogen (Fig. 2 B) . Lymphocytes, monocytes/macrophages, basophils, and other granulocytes express distinctive and different ultrastructural patterns of nonspecific ANAE activity (14, 15) . CI.Ly-I-2-NK-I+/ll cells had ANAE reactivity on the cell surface, a reaction that was particularly intense on more immature cells ( Fig. 3 A) . CI.Ly-1-2-NK-1 +/11 also displayed strong ANAE reactivity within cytoplasmic vesicles and in a vesiclerich zone immediately beneath the membrane of immature granules (Fig. 3A) . By contrast, homogeneously electron dense mature granules were ANAE negative. Although the granules of mouse basophilic myelocytes ( Fig. 3 B) resemble those of C1.Ly-1-2-NK-I+/ll by routine TEM, mouse basophils account for <0.3% of nucleated cells in C57BL/6 bone marrow (10) , and their ANAE reactivity has not been defined. However, among guinea pig leukocytes, the pattern of reactivity expressed by C1.Ly-1-2-NK-I+/ll was demonstrated only in basophilic myelocytes (14; A. M. Dvorak, unpublished data). CI.Ly-1-2-NK-1 +/11 displayed neither the multiple cytoplasmic vesicle clusters noted in macrophages (15) nor the single cytoplasmic vesicle cluster typical of guinea pig and human lymphocytes (15) . CI.Ly-I-2-NK-I+/ll lacked peroxidase by ultrastructural cytochemistry. The ultrastructural features and ANAE reactivity of C1.Ly-1-2-NK-1+/11 cytoplasmic granules are shown at a higher power in Fig. 4 .
The ultrastructure of CI.Ly-2+3+/4 ( Fig. 5 ) was very similar to that of C1.Ly-1-2-NK-I+/11 and basophilic myelocytes ( Fig. 6 ). C1.Ly-2+3+/4 expressed a pattern of ANAE reactivity similar to that of C1.Ly-1-2-NK-1+/11, contained cytoplasmic deposits of particulate glycogen, and lacked peroxidase activity. Like CI.Ly-1-2-NK-1+/11, C1.Ly-2+3+/4 incorporated 35SO4 into its mature and immature cytoplasmic granules ( Fig. 5 B) .
To determine whether the synthesis of basophit-like granules was a property of all murine lymphocyte clones, we examined two representative mouse inducer T lymphocyte clones. Inducer T cells ( Fig. 7) lacked cytoplasmic granules and glycogen deposits, and contained ANAE-positive cytoplasmic vesicle clusters similar to those reported in peripheral blood lymphocytes of other mammalian species (15) . CI.Ly-1+2-/9 cells also had numerous ANAE-positive, non-membrane-bound cytoplasmic lipid bodies.
Sulfated Glycosaminoglycan Synthesis
CELLULAR LOCALIZATION OF INCORPORATED [35S]sULFATE. TEM autoradiography localized silver grains to the cytoplasmic granules of both Ly-1-2-NK-1+/11 and Ly-2+3+/4 ( Fig. 5 B) . The majority of cells were labeled; the most intense labeling was associated with cells exhibiting the greatest degree of cytoplasmic granule maturation. By contrast, C1.Ly-l+2-/9 cells incorporated little or no a~SO4. matography on DEAE cellulose, revealed a macromolecular peak which appeared coincident with the chondroitin sulfate reference standard (Fig. 8) . Like the chondroitin sulfate reference standard, these 35S macromolecules were susceptible to complete hydrolysis to disaccharides by chondroitin ABC or AC lyase, but were insensitive to heparinase (Fig. 8) , a degradation pattern like that of chondroitin sulfates A and/or C without detectable heparin or chondroitin sulfate B (dermatan sulfate). C1.Ly-2+3+/4 [aSS]glycosaminoglycans also eluted from DEAE cellulose coincidentally with the chondroitin sulfate reference standard ( Fig. 9 ). Like C1.Ly-1-2-NK-I+/ll aSS macromolecules, CI.Ly-2+3+/4 [35S]glycosaminoglycans were resistant to degradation by heparinase ( Fig. 9 ). However, unlike C[. 
Uptake of[3H]5HT. The active uptake of 5HT at low ambient concentrations has
been reported for certain neurons (24, 25) , platelets (26) , and mast cells (23, 27) . Particularly high rates of 5HT uptake and storage are observed in platelets (26) and mast cells (27) 00 " 10 20 30 40 FRACTION VOLUME ( ml ) immature mast cells (Table II) . By contrast, cloned inducer T cells, which were devoid of osmiophilic cytoplasmic granules, incorporated little [3H]5HT.
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Discussion
We have examined the ultrastructure and certain cytochemical and biochemical properties of mouse cloned cell lines that express NK lysis (C1.Ly-I-2-NK-I+/11), antigen-specific suppressor T cell activity (C1.Ly-2+3+/4), or inducer T cell function (C1.Ly-I+2-/9). CI.Ly-V2-NK-I+/ll and C1.Ly-2÷3+/4 appeared very similar by ultrastructure. Both contained numerous large cytoplasmic granules with a mixture of vesicular and homogeneous osmiophilic content. Granules such as these have previously been considered a unique characteristic of basophils: they have been described in the basophilic myelocytes of mice (10) and other mammalian species but not in other granulocytes, monocytes, or circulating lymphocytes (28) . In both basophilic myelocytes and regranulating mature basophils (29) , granule development involves the progressive accumulation of osmiophitic material within vesicle-rich cytoplasmic vacuoles, a process that ultimately renders the granules homogeneously electron dense. The synthesis of cytoplasmic granules by CI.Ly-I-2-NK-1+/11 and CI.Ly-2+3+/4 proceeds by a morphologically similar sequence. The granules of cloned murine mast cells also contain osmiophilic matrix material, but these granules differ from those of C1.Ly-I-2-NK-I+/11 and CI.Ly-2+3+/4 in the distribution of vesicles and pattern of accumulation of electron-dense matrix (6) . In addition to prominent granules, C1.Ly-I-2-NK-I+/ll and C1.Ly-2+3+/4 contained abundant deposits of particulate cytoplasmic glycogen. Glycogen deposits occur in all granulocytes (28), but have not generally been observed by ultrastructure in lymphocytes or mast cells. Because the signals that control the development of cytoplasmic granules and deposition of glycogen have not been identified, we cannot predict under what circumstances these features would be displayed in vivo. Nevertheless, they do not represent obligatory consequences of the prolonged cultivation of murine lymphoid cells in vitro, since cloned inducer T cells lacked both of these characteristics. In addition, cytoplasmic granules similar by ultrastructure to those of our clones have recently been described in freshly isolated human (30, 31) and mouse (32) cells associated with high levels of NK activity, and in mouse leukocytes enriched for cytolytic T lymphocyte (CTL) function (33) .
Analysis of nonspecific esterase activity in human (30, 34) , rat (35) , and mouse (36) leukocyte populations enriched for NK cell activity has produced conflicting results. This may reflect differences in species, variation in cytochemical technique, or problems related to the limited resolution afforded by light microscopic methods. Leukocyte nonspecific esterase activity can be more precisely localized with uhrastructural cytochemistry (14, 15, 37) . When CI:Ly-I-2-NK-I+/I 1 and CI.Ly-2+3+/4 were analyzed they exhibited similar ultrastructural patterns of ANAE reactivity. In the least mature-appearing cells, reactivity was detected on the cell surface and in small cytoplasmic vesicles. More mature cells exhibited strong reactivity in the vesicle-rich zone immediately beneath the limiting membranes of developing granules but diminished cell surface activity. Fully developed, homogeneously dense granules expressed little or no ANAE reactivity. We have observed a similar pattern of ANAE reactivity during the maturation of guinea pig basophils (14; A. M. Dvorak, unpublished data), but not in lymphocytes, monocytes, macrophages, neutrophils, eosinophils (15) , or cloned mast cells (S. J. Galli, R. A. Monahan, and A. M. Dvorak, unpublished data). In contrast to CI.Ly-I-2-NK-I+/ll and C1.Ly-2+3+/4, cloned inducer T cells expressed a cytoplasmic vesicle cluster pattern of ANAE similar to that of certain other lymphocytes or macrophages (15) . Like uncloned lymphocytes (38) and guinea pig basophils (13, 28) , all three clones lacked endogenous peroxidase activity.
The notion that certain murine cells with NK activity share features of Ly-l-2+3 ÷ T cells is also supported by data from other laboratories. Brooks et al. (39) have recently reported five cloned murine cell lines with a spectrum of lyric activity similar to that of C1.Ly-I-2-NK-I+/11: Like C1.Ly-I-2-NK-I+/11 and C1.Ly-2+3+/4, these clones were peroxidase negative, contained glycogen-like material by histochemistry, and expressed nonspecific esterase activity by light microscopy. All five clones expressed Thy-1, all of the four tested expressed Ly-5, and four of the five expressed the NK alloantigen. In addition, two of the five clones expressed the Lyt-2 glycoprotein, which ted these authors to suggest that murine NK cells and CTL might belong to the same lineage. Kedar et al. (40) have also derived multiple clones with NK activity from mouse spleen cells. All of these clones expressed Thy-1 and T-200 (Ly-5), and several expressed Lyt-2 as well. Although these clones were not evaluated for FC,R, [aSS]glycosaminoglycan synthesis, or 5HT uptake (39, 40) , those of Brooks et al. contained cytoplasmic granules very similar by ultrastructure to those of CI.Ly-1-2-NK-I+/ll and C1.Ly-2+3+/4 (A. M. Dvorak, C. G. Brooks, H. F. Dvorak, K. Pyne, C. Henney, and S. I. Galli, unpublished data). Similar granules have also been described in cloned cytolytic T cells (41, 42) .
Despite their morphologic and cytochemical similarities, C1.Ly-1-2-NK-1 +/11 and C1.Ly-2+3+/4 are not identical. These clones differ in surface glycoproteins and pattern of immunologic activity. Perhaps the most significant distinction between these clones is that C1.Ly-2+3+/4 secretes ~2-3% of its internally labeled proteins; ~10% of this represents an ~70,000-mol wt polypeptide with antigen-specific suppressor activity in vitro (2) . In contrast, CI.Ly-I-2-NK-I+/11 secretes no detectable internally labeled protein (2) . These clones also differ in content of sulfated glycosaminoglycans. The granules of CI.Ly-2÷3+/4 contained a mixture of chondroitins, including a substantial amount of chondroitin sulfate B, whereas CI.Ly-1-2-NK-1+/ 11 chondroitins lacked this molecule. In contrast to our cloned cell lines, which have been analyzed in detail, the distribution of sulfated glycosaminoglycans among lymphocyte populations in vivo is poorly understood. Earlier work detected little ~5SO4 incorporation by mouse thymic (43) or guinea pig peripheral blood (19) lymphocytes; however, these studies were performed with uncloned leukocytes containing undefined but probably minor numbers of NK cells or cytolytic/suppressor T ceils. At the present time, guinea pig (19) and human basophils (44, 45) and guinea pig Kurloff cells (19, 46) represent the only circulating leukocytes known to contain high concentrations of granule-associated chondroitin sulfates. The role of these molecules in leukocyte function is unknown.
The precise relationship of C1.Ly-1-2-NK-I+/11 and C1.Ly-2+3+/4 to basophils is uncertain. The mouse basophil has only recently been identified by morphology (10, 47) and accounts for ___0.3% of nucleated cells in C57BL/6 bone marrow. Methods for its purification have yet to be devised. As a result, the mouse basophil's surface glycoprotein phenotype, cytochemistry, and glycosaminoglycan content are unknown. Although the full extent of the similarities and differences among cytolytic/suppressor T cells, Fc~R-bearing NK cells, and basophils thus remains to be defined, the available evidence suggests that these cells represent a spectrum of leukocyte populations with overlapping morphology and biochemistry. These cells also may express certain similarities in function. For example, CTL or NK lysis appears to require an intact secretory apparatus (33, (48) (49) (50) (51) similar to that necessary for mast cell (and basophil) degranulation (52) . In addition, unlike earlier studies (53) (54) (55) , a recent report suggests that genetic defects of lysosomal function impair CTL lysis as well as NK cell and granulocyte function (56) . The clones discussed in this report will permit direct analysis of the role of cytoplasmic granules and other secretory structures (13) in NK lysis and suppressor T cell function.
Summary
We have examined the morphology, cytochemistry, and biochemistry of mouse leukocyte subsets by analyzing cloned leukocyte populations specialized to perform different immunologic functions. Cloned cells expressing high-affinity plasma membrane receptors for IgE and mediating natural killer (NK) lysis and cloned antigenspecific suppressor T cells contained prominent osmiophilic cytoplasmic granules similar by ultrastructure to those of mouse basophils. Both clones also incorporated 3~SO4 into granule-associated sulfated glycosaminoglycans, expressed a characteristic ultrastructural pattern of nonspecific esterase activity, incorporated exogenous [aH]5hydroxytryptamine, and contained cytoplasmic deposits of particulate glycogen. By contrast, cloned inducer T cells lacked cytoplasmic granules and glycogen, incorporated neither a5SO4 nor [aH]5-hydroxytryptamine, and differed from the other clones in pattern of nonspecific esterase activity. These findings establish that certain cloned cells with NK activity and cloned suppressor T cells express morphologic and biochemical characteristics heretofore associated with basophilic granulocytes. However, these clones differ in surface glycoprotein expression and immunologic function, and the full extent of the similarities and differences among these populations and basophils remains to be determined. Malek, and E. M. Shevach, unpublished data). By electron microscopy, these cells represent lymphocytes with relatively abundant cytoplasm containing a few small, dense lysosomes. They do not resemble guinea pig basophils by morphology. This finding illustrates that the ultrastructure of functionally similar leukocytes maintained in vitro may vary considerably according to species.
